SUMMARY Multivariate linear discriminant function analysis on maximal exercise treadmill and angiographic data from 500 men with definite angina, 584 men with probable angina and 267 men with nonspecific chest pain identified independent predictors of presence and extent of coronary disease. We used the discriminant function to develop a clinical risk index and a clinical and exercise risk index for each patient subset. Probability curves were generated to predict the presence and extent of coronary disease. In definite angina cases, exercise testing provided more diagnostic information than clinical data alone. However, in the 10% of cases with the smallest risk indexes, half of the patients had coronary disease and one-quarter had multivessel disease. In men with probable angina, exercise testing added substantially more diagnostic information than clinical data. The probability of multivessel disease was reduced to less than 10% for 30% of patients with probable angina, an important diagnostic contribution. Exercise testing in men with nonspecific chest pain was of limited value because disease prevalence was already low. Ellestad and colleagues"' compared 95 patients who had false-positive stress tests with 120 patients who had true-positive tests and found that maximal heart rate, systolic blood pressure, configuration of the ST segment, patient age and quality of chest pain were independent predictors of coronary disease in men. However, the population in this study was highly selected.
THE DIAGNOSTIC USEFULNESS of maximal stress testing to predict the presence and extent of coronary artery disease (CAD) is enhanced if the patient's age and sex and the quality of chest pain are considered. ' 13 Exercise test variables that indicated increased risk include horizontal and downsloping ST segment depression > 0.2 mV and systemic hypotension induced by progressive exercise. The risk is influenced by increasing depth of ST-segment depression, the pressure-rate product when ischemic changes first occur, the final work load performed, and the presence of chest pain during the test. [4] [5] [6] [10] [11] [12] [13] Many clinical and exercise test variables are interrelated, and multivariate discriminant function analysis has been used to identify variables that independently predict coronary disease. Cohn and colleagues14 reported a 10-15% increase in test accuracy over standard exercise test criteria using a score derived from the discriminant function. However, clinical variables were not evaluated and the analysis was not performed empirically in patient subsets with a wide range of coronary disease prevalence.
Ellestad and colleagues"' compared 95 patients who had false-positive stress tests with 120 patients who had true-positive tests and found that maximal heart rate, systolic blood pressure, configuration of the ST segment, patient age and quality of chest pain were independent predictors of coronary disease in men. However, the population in this study was highly selected.
In this study, we evaluated clinical and exercise test variables in 1351 men without previous myocardial infarction who underwent coronary angiography in the Coronary Artery Surgery Study (CASS). Multivariate linear discriminant function analysis was performed in three subsets of patients based on quality of chest pain, and independent predictors of the presence and extent of CAD were identified.
Methods

Patient Population
The patients selected for this study were men with chest pain, no history of myocardial infarction and no previous cardiac surgery. Other criteria for exclusion included ingestion of ,3-blocking drugs within 24 hours or digitalis within 7 days of the exercise test. Details of data collection in the CASS registry have been described. ' 17-19 The mean age of the 1351 men was 53 years. The quality of chest pain was considered definite angina in 500 men, probable angina in 584 men and nonspecific in 267 men. The severity of angina was stratified according to the Canadian Cardiovascular Society Classification20 (table 1) . Hypertension was present in 27.4% of the patients, 987 
Definite Angina
The probability of CAD for the individual patient estimated from the risk indexes is shown in figure 1 . To accomplish this goal, we developed a clinical risk index and a clinical and exercise risk index that can be determined for any male patient who is in one of the three major symptom categories (definite angina, probable angina and nonspecific chest pain). For each category, the amount of additional diagnostic information to be obtained from an exercise test is shown by comparing the two curves. This approach should be helpful in limiting exercise testing to patients in whom it is most useful. When exercise testing is used, the data derived are combined with the clinical information as a score to allow better quantitation of the data. This may be more useful than simply classifying a test as positive or negative. Cohn and colleagues14 used a similar statistical approach in 405 patients and found that test accuracy could be increased 10-15% compared with standard criteria by using a treadmill score. The present study differs from that of Cohn and colleagues in that all subjects were men, patients with myocardial infarction were excluded, patients with a negative test and less than 90% of the target heart rate were included, the population was larger, and the discriminant function analysis was done after patients were classified into their major symptom category. Thus, the curves in the present study for different patient subsets are based on the empirical prevalence and are not extrapolated from the total data pool. The inclusion of patients with a negative test and less than 90% of the target heart rate reflects reality in day-to-day stress testing and is accounted for in the discriminant function. Although low-heart-rate, negative tests are less diagnostic, they must be considered in evaluating the overall performance of exercise testing.
The limitation of exercise testing in patients with definite angina has been the subject of several reports.25' 28 These studies show that a positive test in this subset increases the probability of CAD by 8-10% and a negative test decreases the probability to 40-60%. The use of multivariate linear discriminant function analysis and the development of risk indexes selected by the discriminant function allow us to quantify the diagnostic yield of the exercise test for the first time.
The percentage of the population that have the smallest risk indexes is such that even if we wished to choose the 10% of the population with the smallest indexes, 50% would still have CAD and 25% would have MVCAD. These data contain substantially more information than the 79% and 50% that would have been predicted from the clinical data alone, but 
Limitations of the Present Study
Because CASS is not primarily concerned with the diagnostic usefulness of exercise stress testing, the data collected on the results of exercise testing were limited. Specifically, the exercise ECGs were not always recorded with multiple leads, the ECGs were not computerized nor were they read by a central ECG reading laboratory. The extent of ST-segment change was not quantitated beyond more than 0.1 mV of ST elevation or more than 0.2 mV of ST depression. Despite these limitations, we believe that our exercise data are representative of clinical exercise testing as performed in the United States and Canada.
The present study has several strengths. It is multiinstitutional and therefore more likely to be representative of current clinical practice. The data were collected by highly trained and experienced technicians with the use of fully tested data collection forms. The error rate on data entry into the computer file was extremely low.'8 The angiography and angiographic interpretation were of high quality. The CASS study held regular meetings to standardize and improve the technical aspects of angiography and the angiographic reading. A quality control program continuously monitored the quality of the films and reproducibility of the readings.
The as long as the additional variable makes a statistically significant contribution to the discrimination.
If the above assumptions hold and the parameters are known (not estimated), the probability of misclassification will be minimized by assigning a new observation to the group with largest probability.
In this paper, the curves were calculated by first assigning a probability of coronary artery disease (CAD) or multivessel (MV) CAD using equation (1) with the estimated parameters. The patients are then ordered from the lowest risk (probability) of disease to the highest. Corresponding to each probability there is a score for the risk function. The risk function is the linear discriminant function without the constant term. For each possible cutoff of the risk function (or equivalently the probability) the observed percentage of individuals with values below the cutoff with CAD (or MVCAD) was calculated.
For each cutoff point if we consider those individuals with a risk index below the cutoff to be a sample of such possible individuals then the number of cases with CAD (MVCAD) will be a binomial random variable. Approximately 95% confidence intervals for the percentage with disease were formed by using (I) where exp is the exponential function, a.
log (7r2/7w) + (M1 -Ady- (8, ST elevation of 1 mm or more for at least 80 msec.
The maximal systolic blood pressure dutring exercise.
The maximal diastolic blood pressure during exercise. The maximal heart rate measured during exercise. Maximal systolic blood pressture times the maximal heart rate. The maximal systolic blood pressture minus the systolic blood pressure at rest.
The maximal diastolic blood pressure minus the diastolic blood pressure at rest.
The maximal heart rate minus the heart rate at rest. 100 times the pressture rate product (as defined above) minus the pressure rate product at rest, all divided by the pressuire-rate product at rest.
Chest pain occurring during exercise. Abbreviations: C = cutoff value; P -predictive valtue of a positive test; N = predictive valtue of a negative test; CL percentage of correct classification; CAI) = coronary artery disease; MVCAD = multivessel coronary disease.
Appendix 4 Application of the Risk Index Definite Angina
A 55-year-old man who had definite angina and was in functional class III had a positive exercise test with chest pain. The change in systolic blood pressure was 40 mm Hg, the change in heart rate was 30 beats/min, and ST-segment depression was present at rest. The scores (table 3, appendix 2) associated with the relevant variables are as follows (explanations in parentheses):
Age 55 years (the patient is 55 years old); CHC2 = 0 (exertional angina); ST positive = 1 (ST depression occurred during exercise); ST at rest = 1 (ST depression was present at rest); Expain= 1 (chest pain was present during exercise); and AHR X ASBP = 30 X 40 = 1200 (the change in heart rate times the change in systolic blood pressure was 1200). The clinical risk index for MVCAD is 0.057 X 55 -1.84 X 0 = 3.135. The clinical and exercise risk index for CAD is 0.041 X 55 + 1.55 X 1 + 0.261 X 1 -0.00035 X 1200 = 3.646. The clinical risk index for MVCAD is 0.039 X 55 + 0.788 X 1 = 2.933. The clinical and exercise risk index for MVCAD is 0.030 X 55 + 1.16 X 1 -0.00023 X 1200 = 2.534. The probabilities of CAD and MVCAD from the clinical risk indexes ( fig. 1 ) are 90% and 81%, respectively. The probabilities of CAD and MVCAD from the clinical and exercise risk indexes are 97% and 82%, respectively. By adding exercise test variables to clinical data, the predictive value (probability) was increased 7% for CAD and 1% for MVCAD. The range of change varies considerably depending on the clinical risk index and the clinical and exercise risk index; e.g., for a clinical risk index of 2.0 and a clinical and exercise risk index of 3.5, the probability of MVCAD would be increased from 55% to 95%, a change of 40%.
